Abstract
Introduction
Auditory processing has been proposed to play a role in the development of reading (e.g., [1, 2] ), because learning to read requires linking the sounds of spoken language with their written forms (see 3) . Nevertheless, the role of auditory processing in reading and reading-related language skills remains debated despite the many studies attempting to clarify it. One source of difficulty is the inconsistency of findings across different studies. Although many studies reported significant correlations between reading-related skills and auditory skills (e.g., [1, 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ), others failed to find such correlations [18] [19] [20] [21] [22] [23] [24] [25] . More specifically, whereas in several studies, pitch processing was found to account for significant variance in reading skills (e.g., [1, 9, 17] ), this was not the case in other studies (e.g., [25, 26] ). This discrepancy was attributed to differences in the types of perceptual tasks used [27] [28] [29] or to differences in the characteristics of the sampled populations [12, 30] . Here, we consider an additional factor -the potential contribution of musical experience to the relationships between auditory processing and reading-related skills. Specifically, we ask whether musical training affects both auditory processing and reading related skills in a similar manner, and with similar time constants.
It is well documented that individuals with long-term musical experience have better auditory skills than non-musicians (reviewed in 31). Musicians' performance is better than that of individuals with no musical experience in analyzing both trained and untrained acoustic features. They are better in discriminating trained melodic relationships, and in fine-grained discrimination of basic acoustic features such as pitch [32, 33] and duration [34, 35] . Those perceptual advantages are accompanied by group differences in cortical (e.g., [36] and see 37 for review) and subcortical (e.g., [38] [39] [40] ) processing of sound. A longitudinal study in which children were pseudorandomly assigned to music vs. non-music groups suggests that even relatively short-term musical training (~one year) results in enhanced behavioral sensitivity to small pitch variations in speech [41] . It seems that such training also induces modifications in the neural encoding of sound because greater changes in electrophysiological indices of auditory function were found in children taking music lessons than in age matched children not taking such lessons [42, 43] . Studies in which individuals with different amounts of musical training were compared suggest that even individuals with relatively short-term musical experience have enhanced auditory processing in a musical context when compared with nonmusicians [44] [45] [46] [47] , though the extent of generalization to pure tone discriminations was not directly assessed.
In contrast to the relatively clear effects of musical experience on auditory processing, the effects of musical training on other cognitive and language skills are still debated [44, 48, 49] . For example, longitudinal studies suggest that a few years of musical training can positively contribute to verbal (but not visual) memory [50, 51] , and to reading of inconsistent (but not regular) words [41] . More refined neural processing of linguistic pitch patterns in tonal languages is found in musicians, even when they are not speakers of a tonal language [52, 53] . On the other hand, a meta-analysis of 6 studies, in which children were randomly assigned to groups that either received or did not receive music lessons, failed to find a consistent effect of music lessons on indices of reading performance [48] .
More consistent broader benefits putatively associated with musical experience were shown when individuals with intensive long-term musical training (i.e. musicians) were assessed. In addition to enhanced auditory perception [33, 34, 54] , studies report enhanced sensory-motor [55] [56] [57] , linguistic [58] and cognitive [44, 50, [59] [60] [61] skills. These are accompanied by changes in brain function (see 31,62,63 for reviews). Though causality is typically not directly shown, the common finding that the magnitude of these benefits is correlated with the number of years of musical training and is larger with an earlier onset of practice supports this interpretation. Nevertheless, the alternative, that more motivated or more talented individuals start playing at an earlier age and continue to play longer than less motivated/talented ones, cannot be ruled out because randomly assigned groups were not (yet) followed long-term.
Thus, while the literature suggests that the impact of prolonged musical practice is partially generalized to other cognitive skills, the dynamics of this generalization is far from understood. Perhaps auditory perception, which is tightly linked with musical training, is immediately improved by musical practice whereas linguistic skills, which are related only indirectly, improve only subsequently, in a cascade manner. If musical training has a larger and/or faster influence on auditory perception than on reading-related cognitive skills, it will at least initially, reduce the observed correlations between these two domains. Yet, to the best of our knowledge, musical experience was not considered in any of the above mentioned studies. In fact, we are aware of only one study that assessed the possible influence of musical training on the pattern of correlations between auditory and reading skills [64] . In this study, pitch, rhythm and timbre discrimination were assessed in addition to phonological awareness and word identification skills. It was found that pitch discrimination was correlated with phonological awareness and with accuracy of single word reading in children with no musical experience, but not among children with an average of 2 years of musical experience. This study suggests that musical experience may indeed initially reduce the observed pattern of correlations between auditory perception and reading related skills. However, given the relatively small group of musically trained children (n=26), their broad range of musical education (0.5-5 years) and their broad age range (5-9 years old), its findings are mainly suggestive. To study these relationships systematically, we recruited a community sample of 184 children from a restricted age range (third grade). We characterized auditory discriminations (frequency and temporal-interval), memory and reading skills as a function of the amount of formal musical education (none to 3 years). We then separately calculated the correlations between these skills in groups with different amounts in musical training.
Materials and Methods

1: Participants
184 third-grade children (mean age 8; 8±0; 4) from three mainstream public schools participated in this study. Based on parent and teacher reports children were typically developing with no history of hearing or neurological problems. Fifteen children failed to provide information about their musical background and were therefore excluded from the study. Additional 13 children failed to complete parts of the testing protocol due to time constraints or technical problems, and their data were excluded from data analysis. Of the remaining 156 children, 108 were taking music lessons at the time of the study and are thus referred to as 'musically experienced'. The remaining children never participated in any form of formal music lessons and are thus referred to as 'musically naïve'. 'Musically experienced' children were taking formal music lessons for 1-36 months (mean 13±9 months). Musically experienced children were taking weekly music lessons, learning to play an instrument --most typically piano or recorder
The study was approved by the ethics committee of the Department of Psychology of the Hebrew University. Data collection in schools was approved by the chief scientist in the Ministry of Education and was conducted according to their guidelines. Written consent was obtained from the parents of all children prior to data collection.
2: Stimuli and Tasks
Auditory psychophysical tasks. Frequency and temporalinterval discrimination were assessed using adaptive (3-down/1-up) auditory discrimination tasks designed to track the 79% correct point on the psychometric function. Each procedure began with an oral explanation, followed by 10 easy (using only the largest inter-tone difference) practice trials. If the participant performed less than 8/10 correct, he/she was given 10 additional training trials. The subsequently administered assessment blocks, from which thresholds were computed, were 80 trials long.
Frequency Discrimination. Two 200 msec pure tones were presented in each trial and children had to determine which one was higher -the first or the second. The first tone (the reference) was always 1000 Hz, whereas the frequency of the second tone (the test tone) was adapted based on the responses of the listener. The initial frequency difference between the reference and the test tones was 50%. Subsequently the frequency difference decreased/increased in a 3-down/1-up staircase. During the staircase procedure, step size was decreased every 4 reversals, as follows: For the first 4 reversals the frequency differences were halved/doubled; subsequently the frequency difference was divided/multiplied by 1.4, 1.1 and 1.05. This task was completed by a total of 156 children, of whom 108 were taking music lessons at the time of the study.
Temporal-Interval Discrimination. Two pairs of 50-msec 1-kHz tones were played on each trial and children had to select the pair defining the longer interval-the first or the second. The first interval (the reference) was always 375 msec (offset to onset), whereas the second (the test) interval was adapted based on the responses of the listener, beginning with a 50% difference. On subsequent trials, the duration of the test interval was adapted in a procedure identical to that described for the frequency discrimination task. This task was completed by 108 of the children who completed the frequency discrimination task, 68 of whom were taking music lessons at the time of the study.
The tasks were administered through the built-in soundcard of a laptop and circumaural headphones (JTS HP-535). A graphical interface created in Flash was used to present the sounds, run the adaptive procedure and collect listeners' responses. To experience the interface, visit: http:// papi.huji.ac.il/Default.aspx. In both tasks inter-stimulus interval was 1000 msec. Listeners could make their response as soon as the second tone ended and there was no time limit on the response interval. Inter-trial-interval was 500 msec from the response made by the subject.
Calculation of discrimination thresholds (Just Noticeable Difference, JND). Participants in this study had 9-19 reversals in each block of 80 trials. These numbers are consistent with our previous studies in both children and adults [12, 28, 65, 66] . Therefore, raw JNDs were calculated as the mean frequency or duration differences between the reference and non-reference intervals in the last 7 reversals of each block. JNDs were log transformed so that a discrimination threshold of 1% (i.e. a fraction of 0.01) translates to a log value of -2, whereas a discrimination threshold of 10% translates to a log value of -1.
Log transforms were used to normalize the distribution of JNDs and allow for the use of parametric statistics.
Reading. Decoding pointed Hebrew words and pseudowords was tested using the lists developed by Deutsch and Bentin [67] . Reading accuracy was defined as the mean percent correct across the two lists; reading duration was defined as the average reading duration (in seconds) across the two lists.
Reading-related skills. Verbal Memory was assessed using the standard Digit span task (Wechsler, 1998 ; Israeli edition [68] ). In this task, participants listen to increasingly longer lists of digits read by the experimenter and repeat them in order of presentation (Digit forward) or in reversed order (Digit backwards). The number of correctly recalled lists in the forward part was used as an index of memory span. The total number of correctly recalled lists in the backward subtest was used as an index of working memory.
Phonological Awareness. A (CV or CVC) syllable deletion task containing 12 items was used. Participants were read a word and were asked to produce the word without a specific syllable, the first (4 items), the middle (5 items), or the last one (3 items) (e.g. "/Ra-ashan/ without /Ra/" -> /Ashan/).
General reasoning abilities. General reasoning abilities were assessed using Raven's Standard Progressive Matrices [69] . In this test, arrays of visual objects, each with a missing one, are presented. Participants are asked to complete each array by selecting from six alternatives.
3: Testing procedure
Children were tested individually, in a quiet room in each school. Two sessions, each lasting 45 minutes (one school period) were administered to each participant few days apart. Children were tested with psychophysical and nonpsychophysical tasks in an interleaved manner. On the first session children were tested on frequency discrimination, Raven's matrices and word reading. Temporal-interval discrimination, non-word reading, verbal memory and phonological awareness were tested on the second session.
4: Data analysis
An inspection of the skewness and kurtosis of all the variables within our data set suggested that the distributions were approximately normal. Therefore, parametric statistics were used in all subsequent analyses. Pearson and partial correlations were used to evaluate the relationships between indices of auditory processing on the one hand and readingrelated skills on the other. To determine whether children with different amounts of musical experience differed on any of the auditory processing or reading-related measures, children were divided to groups with different amounts of musical experience (see Sections 3.2 and 3.3 below), and planned comparisons (contrasts) were use to compare each of the groups with musical experience to the 'no experience' group. With the exception of Raven's matrices, variance in all other variables was homogeneous across groups (Levene's statistic < 2.2, p > 0.09).
Results
1: Frequency discrimination, verbal memory and reading-related skills
Modest but significant correlations were observed between frequency discrimination on the one hand and reading related measures on the other hand (n=156). These include word reading, verbal memory and phonological awareness (Table 1 , left columns). A similar pattern of correlations was found between temporal-interval discrimination and reading related measures (a subgroup of 108 children; Table 1 , right columns). Both types of auditory thresholds were more highly correlated with measures of verbal memory, which, unlike reading and phonological awareness, is not directly taught in schools. Auditory thresholds, as well as verbal memory and phonological awareness scores were also correlated with nonverbal visual reasoning abilities (as measured by the Raven matrices). Still, as shown in Table 1 , the use of partial correlations to account for the statistical contribution of Raven matrices to the observed correlations did not substantially alter the pattern of correlations between auditory and readingrelated measures. This indicates that the associations between perceptual and language skills are not a mere outcome of the contribution of general abilities to performance in both domains. To take a closer look at the differences between children with different amounts of musical experience, the 156 children who completed both frequency discrimination and the reading and reading-related tasks were divided into 4 groups based on the time they were taking music lessons: one group (n = 48) never engaged in any formal music training. The remaining groups had 1-6, 7-12 or more than 12 months of music lessons (n = 45, 22 and 41, respectively). Analyses of variance with musical experience as a between subject factor revealed significant group differences in frequency discrimination (F(3,152) = 5. A similar analysis was conducted on the temporal interval discrimination thresholds of the 108 children who completed this task (Figure 1, bottom, left) . Although the omnibus ANOVA was nonsignificant, the planned contrast analysis suggested that the group with more than 1 year of musical experience tended to have lower thresholds than the 'no experience' group (t(108) = 1.95, p = 0.054), albeit with a small effect size (Cohen's d = 0.36).
The current data are consistent with previous studies that reported differences in IQ as a function of musical experience. Generally, IQ differences in relation to musical experience are attributed to the fact that children with higher IQs are more likely to study music rather than to causal effects of training [70] . Indeed, the difference in Raven scores between children with and without musical experience makes it hard to determine whether other differences are simply attributable to pre-existing IQ differences that make some children more likely than others to study music and to have better perceptual and memory skills. To account for these effects, the group analysis was repeated while statistically accounting for IQ differences by using Raven scores as covariates. This analysis left the group differences in frequency discrimination significant (F(3,152) = 3.46, p = 0.018), but obliterated the effects on memory spans (F(3,152) = 1.91, p = 0.131). Therefore, it appears that whereas the effect of short-term musical experience on auditory frequency discrimination cannot be fully attributed to differences in general reasoning skills, the longer memory spans in musically trained children (at least with the limited experience of the children in the current study) may reflect broader, pre-existing IQ differences.
3: The pattern of correlations between auditory discrimination and reading-related skills among children with different amounts of musical experience
The correlations between frequency and temporal-interval discrimination on the one hand and reading related skills on the other hand, were calculated separately for children with no musical experience (n=40), and for children with more than one year of musical experience (n=26). Figure 2 shows memory spans (left) and working memory (right) as a function of frequency discrimination in the groups with (bottom) and without (top) musical experience. The scatter plots suggest a different distribution of performance between the groups. Most salient is the difference in frequency discrimination thresholds. Among individuals with no musical background the proportion of very poor performers (denoted by the vertical line; thresholds > -1, i.e. larger than 10%) is much higher than that among individuals with more than one year of training (Fisher's exact test: p = 0.001). Importantly, these participants, with no musical experience and poor frequency discrimination tend to have lower memory spans ( Figure 2 , top left panel) and lower working memory span (Figure 2 , top right panel). A similar pattern was observed for temporal-interval discrimination, as shown in Figure 3 , although it was not significant. These findings indicate that participants who had no musical experience were more likely to have poor frequency discrimination, which were associated with generally poor verbal memory spans. Further research is required to determine whether this is also the case for temporal-interval discrimination. We should note that this group of poor performers had a similar contribution from each of the 3 schools that took part in this study, suggesting that this linkage is not an outcome of inter-school cultural/educational differences. Table 2 shows that the pattern of correlations between auditory processing on the one hand and reading and readingrelated measures on the other is indeed different in these two groups. While in the musically naïve group, the correlations with both measures of auditory processing are significant, they are not significant among individuals with more than one year of musical training. To assess the significance of this reduction in correlations, we calculated 95% confidence intervals (CI) for the significant correlations in the no-experience group using a bootstrapping procedure (CI columns in Table 2 ). Group differences were considered significant (and correlations were marked in bold) if the correlation for the more experienced group fell outside of this confidence interval. This analysis shows that the correlations between temporal-interval discrimination and the rest of the measures (cognitive skills, reading accuracy, memory span and working memory) were indeed significantly stronger in the group with no musical experience (the two leftmost columns in Table 2 ). Among musically naïve participants, partial correlations (controlling for the Raven scores) between temporal-interval discrimination thresholds and reading-related skills remained significant and similar in magnitude to the Pearson correlations (reading accuracy: -0.37, p = 0.022; memory span: r = -0.44, p = 0.005; working memory: r = -0.49, p = 0.002; phonological awareness: r = -0.36, p = 0.02). Therefore it appears that in this group, the correlations between auditory discriminations and readingrelated skills are genuine and cannot be accounted for by general cognitive skills.
Discussion
We found that both frequency discrimination and interval discrimination are correlated with reading-related skills, as reported previously (e.g., [4, 6, 7, 9, 12, 17] ). These correlations remained significant when covariance with reasoning ability (assessed with Raven's Matrices, a visual-spatial test) was controlled for. However, these correlations differed between children with different amounts of musical training. In "musically naïve" listeners there were significant correlations between frequency and temporal-interval discrimination on the one hand and reading accuracy, phonological awareness, verbal memory working memory on the other hand. These correlations reflect the abundance of individuals with poor auditory discrimination scores, who tend to have poor verbal memory scores. The proportion of individuals with poor auditory discrimination thresholds in the group with more than a year of musical training is much smaller. In this group, these correlations disappeared. While on average, this group had significantly lower frequency discrimination thresholds, and to a certain extent better temporal-interval discrimination, the distribution of thresholds mainly reflects a lack of very poor performers, rather than a clear over representation of very good performers. Together these findings suggest that a relatively small amount of musical training suffices to improve basic perceptual skills, particularly among initially poor performers, but does not immediately generalize to verbal and cognitive skills in the broader population of musically trained participants.
Although musically experienced children had better frequency discrimination thresholds even after their somewhat lower Raven scores were taken into account, the correlational design of the study makes it impossible to rule out an alternative interpretation for the relative scarcity of poor auditory processing in musically experienced children, namely that children with poorer auditory skills are simply less likely to take music lessons, although we find this less likely for the following reasons. First, musically experienced children in the current study were taking music lessons as part of an afterschool activity in their schools. These after school programs do not screen participants for musical (or any other) aptitude. Therefore it seems less likely that children with poorer auditory skills were actively discouraged from taking music lessons, although they may have refrained from taking them for other reasons. Second, although consistent with the pre-existing differences account, children with any amount of musical experience had higher Raven scores than the musically naïve children, this was not the case for auditory processing. Had pre-existing differences in auditory processing, general ability or motivation been the cause of the observed differences between musically naïve and musically experienced children, we would expect auditory differences even between the naïve participants and those with 1-12 months of musical training. As shown in Figure 1 , this was not the case.
1: Patterns of correlations
The present findings suggest that part of the controversy regarding the association between auditory processing and reading-related skills may be resolved by accounting for participants' degrees of musical experience, which was not considered in most previous studies. This conclusion is consistent with the one previous study in which musical experience was considered as an independent variable in the analysis of the relationships between auditory processing (pitch, rhythm and timbre discrimination) and reading-related skills (word identification and phonological skills) [64] . Taken together, it thus seems that in "musically naïve" children of similar ages and reading instruction, auditory processing is consistently related to reading-related skills, and that the lack of associations reported in earlier studies (e.g., [20, 23] ) may result from testing samples with mixed musical experience, perhaps with a large representation of children with musical background. Indeed, in previous studies in which school-age children were tested on both frequency discrimination and reading-related tasks [1, 17, 26] , the proportions of variance in reading-related scores accounted for by frequency discrimination ranged from 0 to 0.25 (i.e. correlations ranging from 0 to .5). The correlations observed in the present study (see Table 1 ), are consistent with those findings, with frequency discrimination statistically accounting for 4% of the variance in reading accuracy, 6% of the variance in phonological awareness and 11% of the variance in memory spans. Among the musically naïve children in the current study (Table 2) , frequency discrimination accounted for 9%, 10%, 11% and 13% of the variance in word reading, phonological awareness, memory spans and working memory, respectively. Interestingly, those values are similar in magnitude to the contribution of pitch processing to reading as reported for preschool children (9%) [9] . Assuming that younger children are less likely to receive formal music training, it might therefore be that those values reflect the 'true' unique contribution of frequency discrimination to reading.
Interestingly, the magnitude of the effect was even larger for interval discrimination, where thresholds in musically naïve Table 2 . Inter skill correlations in the sub-groups with (more than 12 months) and without musical training. participants accounted for more than 30% of the variability in working memory spans. Yet, a corresponding analysis for temporal-interval discrimination is currently not feasible because the relationships between temporal-interval discrimination and reading were not as intensively studied in school-age children (though see 1 for a similar finding in Spanish speaking children).
2: Dynamics of improvement in frequency versus temporal-interval discrimination
Adults with long and intensive musical training attain substantially better thresholds than those we measured [32] [33] [34] . Nevertheless the current data suggest that even relatively minimal musical experience is associated with better frequency discrimination. Although the current data are also consistent with the idea that even individuals with relatively brief (~ 1 year) experience with formal music lessons have better temporal-interval discrimination than musically naïve ones, this effect was more subtle and manifested in changes to the pattern of correlations between temporal-interval discrimination and reading-related skills, and not in a change to mean discrimination thresholds. Since previous studies, conducted among highly experienced musicians, suggest that they have better temporal-interval discrimination thresholds [34, 35] , genuine threshold improvements seems to require more than a few months of musical training. Several reasons could account for the different time courses of frequency and temporal-interval discrimination. First, temporal-interval discrimination might be more resilient to modification than frequency discrimination. This however seems unlikely given the outcomes of studies in which naïve listeners were trained on either frequency or temporal-interval discrimination [15, 33] , because in those studies the learning profiles on the two tasks did not drastically differ in terms of the number of training days or the total number of trials required for learning. Alternatively, the initial stages of formal music learning may place a greater emphasis on skills involving pitch than on those involving rhythm thereby resulting in faster changes in frequency than in temporal-interval discrimination.
3: Dynamics of generalization to reading-related language skills
Previous studies reported that musicians' verbal memory spans are larger than those of non-musicians [50, 51, 60] , and that years of practice are correlated with verbal memory. Other studies that assessed the relations between verbal memory and musical experience, also studied populations with longer periods of musical training [71, 72] . The current data suggest that one year of formal music training of the type characteristic of most (Israeli) children, that is taking music lessons as an after school activity, is not enough to induce a significant generalization to non-auditory skills. Although musically experienced children tended to have higher memory scores than their musically naïve peers, the effect was small and we could not tease it apart from the effects of the somewhat higher general cognitive skills in the musically experienced group. The most likely interpretation of this finding is that longer and/or more intensive musical training is required to drive changes in verbal memory than in pitch discrimination. This interpretation is in line with findings of a longitudinal study where musically experienced children with an average experience of 2.5 years had better verbal memory than children with no musical experience. When those children were followed longitudinally, their memory scores continued to improve with further musical practice, but not if they stopped taking music lessons [50] .
In contrast to the weak relationships between musical experience and memory among individuals with average or above auditory skills, we found that both memory spans and working memory were particularly poor among children with poor auditory discriminations (Figures 2, 3) . These children were quite prevalent in the "musically naïve" group, but quite rare in the musically trained group. Assuming that the distribution of auditory skills was initially similar in the two groups, this finding suggests that children with initially poor auditory processing might gain the most from relatively small amounts of training, with perhaps a broader initial transfer to language related skills. An earlier study we conducted in individuals with dyslexia and poor working memory suggests that this may indeed be the case. In that study [15] , individuals with initially poor auditory processing and poor working memory were trained on frequency and duration discrimination until their performance on these tasks reached that of their adequately reading peers. Their perceptual learning generalized to improved verbal working memory (adequate Digit backward), and both perceptual and memory gains remained stable for at least few months after the end of training, when they were re-tested. Importantly, a relatively short period of practice was sufficient, suggesting that perhaps, short practice is sufficient to drive working memory changes when initial performance is very poor. Since children with poor auditory processing may be less likely to receive formal music instruction (at least in places where music lessons are not mandatory), future studies should specifically target this population.
Taken together, these findings suggest that generalization may be more immediate among individuals with initially very poor performance, compared with individuals with better initial thresholds, where evidence for broader improvement is mainly found after years of practice. Perhaps this putative difference reflects different learning mechanisms. Improvement among very poorly performing individuals may stem from strengthening broader top-down mechanisms [73] , maybe improving a more general ability to sustain auditory attention, which is probably not the bottleneck limiting performance of individuals with better thresholds.
Conclusions
Although the correlational design of the current study makes it impossible to reach definitive conclusions regarding the causal contribution of musical training to cognition, it highlights two important issues. First, the pattern of correlations between perceptual and non-perceptual skills differs between musically naive individuals and those with even relatively short musical training, a factor that was not taken into account in earlier studies. Second, the changes we associate with musical experience are not simultaneous and uniform changes across domains, or across populations. Rather, we tentatively propose that musical training readily and rapidly generalizes to frequency discrimination, then to interval discrimination, and only subsequently to enhanced language and memory skills. Moreover, the degree of generalization may depend on initial auditory performance, being perhaps broader among initially poor performers. Further studies in which children are randomly assigned to receive (or not receive) musical training and then followed over time are required to test this proposal. Nevertheless, the present findings suggest that baseline auditory processing should be considered when attempting to use and evaluate music as a form of intervention.
